Grasses are among the most resilient plants and some can survive prolonged desiccation in semi-15 arid regions with seasonal rainfall. This vegetative desiccation tolerance has arisen independently 16 multiple times within the grass family, but the genetic elements that differentiate desiccation 17 tolerant and sensitive grasses are largely unknown. Here we leveraged comparative genomic 18 approaches with the resurrection grass Eragrostis nindensis and the closely related desiccation 19 sensitive cereal Eragrostis tef to identify changes underlying desiccation tolerance. We extended 20 the analyses to include the grasses maize, sorghum, rice, and the model desiccation tolerant grass 21
Introduction 33
Approximately 470 million years ago charophyte green algae emerged from their watery habitat 34
to colonize land (Delwiche and Cooper, 2015) . Exposure to a harsh dry atmosphere was the main 35 biophysical constraint facing early land plants, resulting in strong selective pressure favoring 36 adaptive mechanisms to prevent dehydration (Bateman et al., 1998) . The evolution of desiccation 37 tolerant seeds and pollen was critical to the success of seed plants and the majority of extant 38 lineages retain both abilities (Franchi et al., 2011) . In contrast, vegetative desiccation tolerance, 39
while widespread among plant lineages, is a relatively uncommon trait (Oliver et al., 2000) . The 40 appearance of vegetative desiccation tolerance in phylogenetically distant lineages suggests 41 multiple independent evolutionary origins. In the ecologically and economically important plant 42
family Poaceae, vegetative desiccation tolerance likely evolved independently a minimum of 43 nine times (Gaff and Oliver, 2013) . The current consensus hypothesis is that vegetative 44 desiccation tolerance in angiosperms arose convergently through re-wiring of common seed 45 desiccation pathways (Costa et al., 2017; VanBuren et al., 2017) . 2015). However, many of these genes are also highly expressed during drought response in 50 desiccation sensitive species. The phytohormone abscisic acid (ABA) is critical for seed 51 maturation and drought responses, and is hypothesized to play a major role in regulating 52 desiccation tolerance (Gaff and Oliver, 2013; Manfre et al., 2009 ; Shinozaki and Yamaguchi-53 Shinozaki, 2007) . Thus, many of the downstream genes that are activated via ABA dependent 54 mechanisms are expressed broadly during seed development and drought as well as under 55 desiccated conditions in resurrection plants. Accumulation of osmoprotectants and activation of 56 reactive oxygen species quenching mechanisms are also shared responses between these three 57
conditions. Thus, it is important to distinguish between desiccation tolerance specific responses 58 from general drought responses in order to uncover the genetic architecture of desiccation 59 tolerance. 60
Identification of genes that are expressed in leaves of desiccation tolerant, but not 61 desiccation sensitive plants during drought could provide targets to improve drought tolerance in 62 crops. While numerous transcriptomic studies of desiccation tolerant plants have been published, 63
few previous studies have compared the responses of desiccation sensitive and desiccation 64 tolerant plants with a close phylogenetic relationship. Previous work comparing the eudicot 65
species Lindernia brevidens (desiccation tolerant) and Lindernia subracemosa (desiccation 66 sensitive) provided some insight into genes that are involved in desiccation tolerance and not 67 drought (VanBuren et al., 2018a). However, the Linderniaceae family is of little economic 68
importance and is only distantly related to any crop plants making it difficult to translate these 69 discoveries. Cereals from the grass family (Poaceae), are the most important crops for global 70 food security (Food and Agriculture Organization of the United Nations., 2012), and work with 71 desiccation tolerant Poaceae species is likely more readily translatable. The Chloridoideae 72
subfamily of grasses contains the majority of desiccation tolerant species with at least 6 73 independent phylogenetic origins. Chloridoideae also contains the cereals finger millet (Eleusine 74 coracana) and tef (Eragrostis tef), which are widely consumed in semi-arid regions of Eastern 75
Africa and Asia. To our knowledge, Eragrostis is the only genus with both desiccation tolerant, 76
and crop plant species. Thus, Eragrostis and the Chloridoideae subfamily more broadly, is an 77 ideal system to identify genes involved in desiccation tolerance that are potential targets for 78 improving drought resilience in crops. 79
Chromosome-scale genome assemblies of the Chloridoideae grasses Eragrostis tef 80 (desiccation sensitive) and Oropetium thomaeum (desiccation tolerant) were recently completed 81 (VanBuren et al., 2019b (VanBuren et al., , 2018b . Here, we sequenced the desiccation tolerant grass Eragrostis 82 nindensis and performed detailed comparative genomics within Chloridoideae and across the 83 grasses to search for patterns of convergence in the evolution of desiccation tolerance. We 84 conducted parallel dehydration experiments with E. nindensis and E. tef using matched 85 physiological sampling points to identify signatures that distinguish drought and desiccation 86 responses. We also leveraged seed expression data of E. tef and other grass species to test if 87 desiccation tolerance in grasses arose through seed pathway re-wiring. Together, our results 88 identified a series of genomic features and expression changes unique to desiccation tolerant 89 grasses. We also propose a new model that re-wiring of seed pathways is a common feature of 90 desiccation tolerance and more general water stress responses, with only a few pathways 91 uniquely expressed in seeds, and leaves of desiccation tolerant plants. 92
93
Results 94 95
Assembly and annotation of the E. nindensis genome 96
Comparative systems with phylogenetically similar desiccation sensitive and tolerant species are 97 a powerful tool to elucidate the genetic basis of desiccation tolerance. Only one previous study 98 has conducted genome-wide comparisons between a desiccation sensitive and tolerant 99 angiosperm (VanBuren et al., 2018a), and no such systems are currently available for the grasses. 100
We assembled a draft genome of the desiccation tolerant grass E. nindensis and compared it to 101 the recently sequenced E. tef genome to identify genetic elements associated with desiccation 102 tolerance. We utilized a single molecule real-time sequencing approach to overcome assembly 103 issues related to tetraploidy and heterozygosity in E. nindensis. In total, we generated 64 Gb of 104
PacBio data representing 63x coverage of the 1.0 Gb E. nindensis genome. PacBio reads were 105 error corrected and assembled using Canu, followed by polishing with Pilon using high-coverage 106
Illumina data. Canu parameters were optimized to accurately assembly all haplotypes, yielding 107
an initial E. nindensis genome assembly with 16,706 contigs spanning 1.96 Gb, or roughly twice 108 the haploid genome size and a contig N50 of 220 kb (Supplemental Table 1 ). We utilized the 109
Pseudohaploid algorithm to filter out redundant haplotypes from the assembly (see methods for 110 details). This filtering approach yielded a total haploid assembly of 986 Mb across 4,368 contigs 111
with an N50 of 520kb. This assembly is referred to as E. nindensis V2. Figure 3 ). We observed a strong peak of Ks corresponds to haplotype sequences 137
and homeologous gene pairs. The high degree of collinearity and shared gene content between 138 the three sequenced Chloridoideae grasses allowed us to identify shared and unique genomic 139 signatures of desiccation tolerance. 140
141

Comparative water deficit responses between E. nindensis and E. tef 142
We sampled parallel timepoints across dehydration timecourses in E. tef and E. nindensis to 143 distinguishing drought and desiccation associated expression patterns (Figure 2a ). Table 3 ). Many of the abiotic stress response 177 genes that were upregulated during drought retained high levels of expression during 178 rehydration. Genes upregulated during rehydration were significantly enriched in GO terms 179 related to photosynthesis and specifically photoprotection and regulation of photomorphogenesis 180
( Supplemental Table 4 ). 181
Because of the complex polyploidy of E. nindensis and E. tef, we compared expression 182 patterns between the two species using syntenic orthogroups rather than individual gene pairs. 183
We identified 5,600 and 6,199 syntenic groups which were upregulated during the first two water 184 stress timepoints (D1, D2) in E. nindensis and E. tef respectively ( Figure 3a ). The majority of 185 these syntenic orthogroups (3,254) were upregulated in both species (Figure 3b ), supporting a 186 broad conservation of drought responses. To further examine the degree of conservation 187 between E. nindensis and E. tef, we compared the maximum expression in each syntenic group 188
for the well-watered, D1, and D2 timepoints. Expression was significantly correlated between 189 the two species ( > | | < 0.00) ( 2 = 0.54), suggesting that similar pathways were recruited 190 in response to drought ( Figure 3c ). Nevertheless, many responses were unique to each species. 191
Across the comparable timepoints, 2,346 syntenic orthogroups were uniquely upregulated in E. 192 nindensis with no change in E. tef (Figure 3b orthologs of AT1G07645 in E. nindensis are upregulated between 9.8 and 11.9 fold during all of 205 the water stress timepoints collected. Among the conserved desiccation associated genes in E. 206 nindensis and O. thomaeum are a wide range of transcription factors with putative roles in stress 207 or seed related functions (Table 1) . Together, this suggests similar transcriptional machinery was 208 recruited independently in multiple desiccation tolerant grass lineages. 209 210
Chromatin dynamics and epigenetic changes during desiccation 211
Alterations of histone modifications and DNA methylation are correlated with stress 212
induced gene expression and these processes are integral for many stress responses ( and these marks accumulate immediately upstream of the transcriptional start site of actively 219
transcribed genes (Howe et al., 2017) . We identified regions with differential binding of 220
H3K4me3 antibody between well-watered E. nindensis leaves and desiccated leaves from the D3 221 timepoint. Across the three replicates of well-watered leaves, we identified 25,754 H3K4me3 222 peaks with significant enriched coverage (Wald test q < 0.05) over the input control ( Figure 4a ).
223
The D3 samples contained 47,312 peaks and 15,832 peaks overlap by at least one base with the 224 well-watered peaks. Despite the large number of unique peaks in each condition, only 3,757 225
peaks had significantly greater binding in D3 compared to WW (wald test q < 0.05), and 949 226
peaks had significantly more binding in WW compared to D3 (Figure 4c ). We identified the 227 closest gene to each of these differentially bound peaks and tested for enrichment of genes with 228 up or down regulated expression in D3 compared with WW. We found significant enrichment of 229 both up and down regulated genes among genes proximal to the peaks with increased binding in 230 D3 ( Figure 4b ). Only genes downregulated in D3 compared to WW were enriched for H3K4me3 231
peaks. The significant number of altered H3K4me3 histone modifications and overlap with 232 differentially expressed genes suggests chromatin dynamics play a central role in desiccation 233 tolerance. 234
We surveyed changes in DNA methylation in desiccated (D3), rehydrated, and well-235 watered leaf tissue. Similar to other plants, E. nindensis has low levels of CHH methylation 236 across the genome, and moderate levels of CpG and CHG methylation ( Figure 5a ). There was no 237 global difference in methylation levels across the surveyed drought and rehydration timepoints. 238
However, methylation levels upstream, downstream, and within the gene body varied across the 239 three timepoints (Figure 5b ). CpG and CHH gene body methylation was significantly lower in 240 desiccated and rehydrated leaf tissue compared to well watered. Interestingly, CHG gene body 241 methylation was higher in rehydrated leaf tissue compared to well-watered and desiccated, with 242 no reduction in methylation around the upstream transcriptional start site or downstream 243 transcriptional termination site ( Figure 5b ). This general pattern is consistent with stress induced 244 hypomethylation and transcriptional reprogramming (Chinnusamy and Zhu, 2009 ). 245 246
Induction of 'seed-related pathways' during drought and desiccation 247
The longstanding hypothesis that vegetative desiccation tolerance evolved from re-wiring of seed 248 development pathways has been supported by several recent genome-scale analyses (Costa et al., 249 2017; Gaff and Oliver, 2013; VanBuren et al., 2017). We used a comparative approach to test 250 whether genes with typically seed specific expression are induced during vegetative desiccation 251 in E. nindensis. We first examined gene ontology (GO) categories which were enriched among 252 genes upregulated during drought timepoints relative to well-watered timepoints in E. nindensis 253
and compared them to GO categories enriched in E.tef ( Figure 6 ; Supplemental Figure 5 ). We 254 classified terms into "seed related" (offspring terms of seed development GO:0048316), "stress 255
related" (offspring terms of response to stress GO:0006950), "sugar related" (offspring terms of 256 carbohydrate metabolic process GO:0005975), "lipid related" (offspring terms of lipid metabolic 257 process GO:0006629), and "other" (all other terms). 258
To facilitate more detailed cross species comparisons, we identified groups of 259 orthologous genes across 24 plant genomes, hereon referred to as orthogroups. We also 260
identified pairwise syntenic orthologs between each of the six grass species with comparative 261 expression datasets (E. nindensis, E. tef, O. thomaeum, Oryza sativa, Zea mays, and Sorgum 262 bicolor), hereon referred to as syntelog groups (see methods). All expression comparisons were 263 made using these orthogroups and syntegroups. We reanalyzed seed and leaf expression data 264 from four grass species (E. tef, O. sativa, Z. mays, and S. bicolor) to create a list of "seed-265
related" genes with conserved expression induction in seeds relative to well-watered leaves. We 266 then tested whether these seed related genes were overrepresented among genes upregulated in 267 desiccating relative to well-watered E. nindensis leaves. A total of 189 out of 386 seed related 268 orthogroups were upregulated in E. nindensis leaves in at least one drought condition ( Figure  269 6b). Using an empirical null distribution we determined that this number was significantly more 270 than expected by chance ( > | | < 0.000), suggesting that expression of seed related genes is 271 critical for drought response in E. nindensis leaves. 272
We compared the E. nindensis expression data with reanalyzed well-watered, and water 273 stressed leaf expression data from the same four grass species to determine whether the observed 274 enrichment of seed related genes unique to desiccation tolerant plants or if it represents a more 275 broadly shared drought response. We defined a set of seed related syntegroups such that at least 276 one gene in each group was among the previously defined set of seed related genes with 277 conserved upregulation in seeds relative to well-watered leaves. We then counted the number of 278 seed related syntegroups upregulated in leaves during drought (relative to well-watered leaves) in 279 each of the six species. E. tef had the greatest number of seed related genes upregulated in leaves 280 during drought, followed by O. thomaeum, E. nindensis, and O. sativa (Figure 7a from that timepoint ( Figure 7b ). We found that RWC was a significant predictor of the number 292 of seed related syntelogs upregulated in leaves during drought ( > | | = 0.0005) and RWC 293 also explained a substantial amount of the variation in the number of seed related syntelogs 294 upregulated in leaves during drought ( 2 = 0.72). Conversely, whether a sample was derived 295 from a desiccation tolerant or sensitive plant did not significantly predict the number of seed 296 related syntelogs upregulated in leaves during drought ( > | | = 0.527) and this model did not 297 explain much of the observed variation( 2 = 0.041). The spread of the model residuals was also 298 much larger for this desiccation tolerance model as compared with the RWC model indicating a 299
better fit for the RWC model > | | = 0.000503. While this analysis is somewhat limited by 300
the confounding of species with RWC, and the paucity of both species and drought conditions 301
included, we can conclude that more seed related genes are upregulated at lower RWC in grasses 302
regardless of whether the species possesses desiccation tolerance. 303 304
Induction of unique desiccation-related pathways in E. nindensis 305
Comparisons of drought-induced expression across grasses suggests that seed pathways are not 306 uniquely induced in resurrection plants but instead represent a conserved response to water 307 deficit. Using this comparative framework, we identified seed-related pathways and more 308
general responses that are uniquely upregulated in only desiccation tolerant plants. Figure 6 ). We 328 compared the both number and expression of each LEA subfamily between the three species 329
(Supplemental Figure 6, Figure 8 ). Since each species has a different total number of annotated 330 genes, we compared the proportion of all genes represented by each LEA subfamily rather than 331 directly comparing the number of genes. We found no evidence of expansion of any LEA 332
subfamilies in E. nindensis relative to E. tef. The expression of the Dehydrin, Seed Maturation 333
Protein, LEA1, and LEA4 subfamilies was highly induced during water stress and rehydration in 334 all three species (Figure 8) . Overall, the expression of the LEA2 and LEA3 subfamilies was not 335 induced in any of the three species, although some individual members of each family were 336 strongly induced during water stress. Expression of LEA5 and LEA6 (also referred to as LEA18) 337
genes was induced strongly during drought and rehydration in E. nindensis and O. thomaeum but 338
neither subfamily showed increased expression during water stress in E. tef. The first step of chlorophyll degradation is catalyzed by chlorophyllase enzymes. 371
Chlorophyllase genes have different expression patterns in E. nindensis and O. thomaeum, 372
reflecting alternate strategies of chlorophyll degradation or retention during desiccation ( Figure  373 10 tef under water deficit, suggesting pheophytinase activity is a more general drought response 383 ( Figure 10) . 384 385 Discussion 386
The Chloridoideae subfamily of grasses has at least nine independent origins of vegetative 387 desiccation tolerance (Oliver et al., 2000) . This repeated, independent evolution of vegetative 388 desiccation tolerance has been attributed to re-wiring of seed and pollen desiccation pathways. 389
Studies examining gene expression during desiccation have repeatedly supported this claim by 390
identifying increased expression of seed-related genes in vegetative tissues during drying. 391
However, few studies have conducted genome wide comparisons of desiccation tolerant species 392
with close relative sensitive species to identify whether these seed related genes are truly unique 393
to resurrection plants. 394
We observed a similar pattern of seed-related pathway expression in E. nindenis and the 395 desiccation sensitive E. tef, suggesting these desiccation associated pathways may play a the expression of these seed-associated genes may only occur during severe drought stress. There 407 was a strong correlation between induction of seed-related genes and severity of the drought 408 treatment across grass species. Most water deficit experiments are comparatively mild and few 409 survey sublethal stresses. Seed desiccation related pathways may be induced as a last ditch effort 410 under severe conditions, but are insufficient or too late to prevent fatal damage. Drought 411 expression data paired with relative water content measurements was only available for two 412 desiccation sensitive grass species. Thus, further work comparing the expression of otherwise 413 seed specific genes during severe drought is needed to further test this hypothesis. 414
The ABA responsive transcription factor ABI3 is a well-characterized regulator of seed 415 dehydration pathways. The model bryophyte Physcomitrella patens acquires desiccation 416 tolerance when treated with ABA and abi3 mutants loses this ability (Khandelwal et al., 2010) . 417
In the desiccation tolerant monocot Xerophyta viscosa, orthologs to the majority of of ABI3 418 regulated genes are expressed in leaves during dehydration (Costa et al., 2017) . Similarly, we 419
found that most of the 23 orthogroups containing ABI3 responsive genes were upregulated 420 during desiccation in both E. nindensis and O. thomaeum. However, many of these orthogroups 421
also had at least one gene upregulated during water stress in E. tef and O. sativa. Furthermore, 422 expression of ABI3 orthologs was low in both E. nindensis and O. thomaeum. Thus, changes to 423 the expression of ABI3 itself are likely insufficient to explain the vegetative desiccation 424 tolerance phenotype. This is consistent with the fact that in Arabidopsis, both the ABA deficient 425 mutant aba, and the ABA insensitive mutant abi3, still acquire desiccation tolerance in seeds, 426
although the double mutant does not (Koornneef et al., 1989; Ooms et al., 1993) . Drought 427 induced expression of ABI3 regulated genes is not universal, and some are specific to 428 desiccation tolerant tissues. Three ABI3 regulated orthogroups are expressed in both E. nindensis 429
and O. thomaeum but not any of the sampled desiccation sensitive species, and all have seed or 430 pollen specific expression in Arabidopsis. This supports a nuanced role of seed-related pathways 431
where many genes overlap with typical drought responses but some crucial genes are desiccation 432 specific in resurrection plants. 433 ABI5 is another major regulator of the seed dormancy and germination. Similar to ABI3, 434
ABI5 is expressed only at trace levels in all of our samples and was not differentially expressed 435
during any timepoint. Nevertheless, many of the downstream genes which are regulated by ABI5 436
are strongly upregulated during desiccation in E. nindensis. Furthermore, E. nindensis orthologs 437 of the Arabidopsis transcription factor HY5 are induced during desiccation. HY5 was previously 438
shown to bind to the promoter of ABI5 and regulate its expression (Chen et al., 2008) . Some 439 transcription factors have been shown to act through a "hit and run" mechanism where the 440 transcription factor quickly dissociates from the promoters of target genes but leads to sustained 441 transcription of the downstream targets (Para et al., 2014) . If ABI3 and ABI5 act through this 442 mechanism, it is likely that we would observe no change in expression given the limited 443 temporal resolution of our sampling points. 444
Desiccation induces multiple levels of stress at the cellular level. Accumulation of LEA 445 proteins, oil bodies, and osmoprotectants reduce stress due to cellular water loss and the resultant 446 membrane damage. Excess light is also a major stress in desiccated leaf tissues as photooxidative 447 damage accumulates in the absence of an active photosynthetic electron transport chain. 448
Desiccation tolerant plants avoid photooxidative damage through either degrading chlorophyll or 449 by protecting the chlorophyll and photosynthetic apparatus through various processes. 450
Chlorophyll degrading species (such as E. nindensis) are also susceptible to photooxidative 451 damage during rehydration when chlorophyll is re-synthesized and thylakoid damage is repaired. for relative water content (RWC) and electrolyte leakage assays every 4 hours beginning 48 487 hours after the start of the drought experiment. Three non-senescing leaves from each plant were 488 randomly selected and excised at the mid-section. Samples were divided for relative water 489 content and electrolyte leakage measurements. Inner leaves were collected for RNAseq, 490
Bisulfite-seq and ChIP-seq experiments. Leaf samples for the D1 / WW, D2 and D3 timepoints 491
were collected 56, 80 and 104 hours after cessation of watering respectively (8ZT on day 3, day 492 4 and day 5). At each timepoint, non-senescing leaf tissue was pooled from 3 plants per pot. Leaf 493 tips were removed as they generally do not recover from desiccation. For the rehydration 494 experiment, 102-day old plants were maintained as described above and slowly desiccated over 495 143 hours. Plants were then saturated with water and leaf samples were collected at 0, 12, 24 and 496 48 hours post rehydration. At each rehydration timepoint, samples for RWC, electrolyte leakage, 497
RNAseq, and Methyl-seq were collected. All samples for RNAseq were flash frozen in liquid 498
nitrogen before storing at -80°C. Samples for RWC and electolyte leakage were processed 499 immediately after collection. Electrolyte leakage data was not collected for 48 hours post 500 rehydration samples. 501 E. tef plants were grown in the same growth chamber as E. nindensis plants with the same 502 photoperiod, light, and temperature conditions. Three E. tef seedlings were grown for one month 503 in 3.5" nursery pots using redi earth potting mix. Pots were brought to the same weight at the 504 start of the experiment (260g) and water was withheld for plants receiving the drought treatment 505
while well-watered plants were maintained at 220g. The E. tef D1 and D2 samples were 506 collected at 128 hours and 152 hours after equalizing the pot weights respectively. 507 508
Relative Water Content 509
Relative water content was measured according to a previously published protocol with minor 510 modifications (Smart, 1974 were then constructed using the same protocol described above. 557 558
Genome assembly 559
The genome size of E. nindensis (PI 410063) was estimated using flow cytometry in two 560 separate runs as previously described (Arumuganathan and Earle, 1991) . The E. nindensis 561 genome was assembled using Canu V1.8 (Koren et al., 2017) with polishing using Pilon V1.22 562 (Walker et al., 2014) . Raw PacBio reads were used as input for Canu and the following 563 parameters were modified to allow for more careful unitigging and haplotype assembly: 564 minReadLength=5000, GenomeSize=1035Mb, corOutCoverage=200 "batOptions=-dg 3 -db 3 -565 dr 1 -ca 500 -cp 50". All other parameters were left as default. The output assembly graph was 566 visualized using Bandage (Wick et al., 2015) to assess ambiguities in the graph related to 567 repetitive elements, heterozygosity, and polyploidy. The resulting 1.96 Canu based assembly was 568 roughly twice the estimated genome size (1.05 Gb) indicating that all four haplotypes were at 569 least partially assembled for the allotetraploid genome. The draft Canu based contigs were 570 polished reiteratively using Illumina paired end 150 bp data (~60x). Illumina reads were aligned 571 to the draft contigs using bowtie2 (V2.3.0) (Langmead and Salzberg, 2012) under default 572 parameters and the resulting bam file was used as input for Pilon. The following parameters were 573
modified for Pilon and all others were left as default: --flank 7, --K 49, and --mindepth 10. Pilon 574 was run recursively a total of 5 times using the updated reference for each iteration. 575
The E. nindensis genome assembly was further processed to create a pseudo-haploid 576
representation of the genome where one of the haploypes was filtered out using the 577
Pseudohaploid algorithm (http://github.com/schatzlab/pseudohaploid). To identify haplotype 578 containing contigs, the genome was aligned against itself using the whole genome aligner 579 nucmer from the MUMmer package (Delcher et al., 2003) . The following parameters were used 580
for nucmer to report all unique and repetitive alignments longer than 500 bp: nucmer -maxmatch 581 -l 100 -c 500. This file was used as input for Pseudohaploid and the following parameters were 582 changed in the create_pseudohaploid.sh script: MIN_IDENTITY: 95; MIN_LENGTH: 1000; 583 MIN_CONTAIN: 90; MAX_CHAIN_GAP: 20000. Using these parameters filtered alignment 584 chains with a minimum identity of 95%, minimum contig overlap between haplotypes of 90%, 585
and maximum insertion size of 20kb were removed. This approach ensured that homeologous 586 regions from the allopolyploid event were not filtered out and the strict overlap ensured that 587 informative sequences were not purged from the assembly. The final, V2.1 assembly has a total 588 size of 986 Mb across 4,368 contigs with an N50 of 520kb, which is similar to the expected 589 haploid genome size. 590 591 was calculated across all three replicates of WW and D3 samples separately using WiggleTools 634 (Zerbino et al., 2014) . This average log2Fold change was plotted for the 2kb upstream and 635 downstream regions of the transcriptional start site of the genes closest to the differential peaks 636
using the computeMatrix and plotHeatmap tools from deepTools (Ramírez et al., 2014) . 637 638
Bisulfite-seq data analysis 639
Bisulfite sequencing reads were trimmed using Trimommatic v0.38 (Bolger et al., 2014) . Reads 640
were then aligned reads to bisulfite corrected E. nindensis reference and methylation states were 641 called using Bismark v0.21.0 with default settings and a minimum depth of 3 reads (Krueger and 642
Andrews, 2011). The average methylation percentage for each cytosine was calculated with a 643 custom python script (available on gitHub). The resulting bedGraph files were then converted to 644 bigWig format using USC genome browser's bedGraphToBigWig script (Kent et al., 2010) . The 645 methylation percentage across gene regions was calculated with deepTools computeMatrix run 646
in scaleRegions mode with gene bodies scaled to 1000bp and a bin size of 10bp (Ramírez et al., 647 2014) . 648 649
Comparative genomics 650
The python version of MCScan was used (https://github.com/tanghaibao/jcvi/wiki/MCscan-651
(Python-version)) to identify pairwise syntenic orthologs between each of the analyzed grass 652 species (Wang et al., 2012) . The O. thomaeum genome was used as a common anchor to the 653 other grass genomes as it is the phylogenetically closest diploid species to E. nindensis and E. tef 654
and it has a high quality, chromosome scale genome assembly. A minimum cutoff of five genes 655 was used to identify syntenic gene blocks. The syntenic gene lists from all pairwise comparisons 656
were combined and filtered into two tables, with one including syntenic orthogroups 657 (syntegroups) with at least one gene in the three Chloridoid grasses and the second containing 658 syntegroups with genes present in all six grass species analyzed. 659
While the surveyed grass genomes were largely collinear, synteny based approaches were 660 not able to identify conserved genes that had translocated or were found in regions with 661 extensive genome rearrangements. Orthofinder was used to identify orthologous genes that were 662 missed by synteny based approaches. separately for each species in order to identify genes upregulated in seeds compared with well-686 watered leaves. Using this approach, 640 syntelog groups with conserved upregulation in seeds 687
were identified among all four grasses. This list of 640 syntelog groups clustered into 386 688 orthogroups and was used as our list of 'seed related' genes. An empirical approach was used to 689 test if these orthogroups were overrepresented among upregulated genes during desiccation in E. 690
nindensis. The empirical null distribution was simulated by randomly selecting (without 691 replacement) 386 orthogroups from the set of 11,905 orthogroups not related to seed processes.
692
A Z-score was calculated based on the observed overlap between upregulated genes and seed 693 orthogroups and the null distribution. This was compared to a normal distribution to determine 694 the probability of identifying at least the observed number of genes as overlapping between the 695 sets. Leaf drought datasets were downloaded from the NCBI SRA and analyzed as described 696
above. 
